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ABSTRACT 

The emergence of Middle East respiratory syndrome-coronavirus (MERS-CoV) in the Middle East since 2012 has caused more 
than 900 human infections with ~40% mortality to date. Animal models are needed for studying pathogenesis and for develop¬ 
ment of preventive and therapeutic agents against MERS-CoV infection. Nonhuman primates (rhesus macaques and marmosets) 
are expensive models of limited availability. Although a mouse lung infection model has been described using adenovirus vec¬ 
tors expressing human CD26/dipeptidyl peptidase 4 (DPP4), it is believed that a transgenic mouse model is needed for MERS- 
CoV research. We have developed this transgenic mouse model as indicated in this study. We show that transgenic mice globally 
expressing hCD26/DPP4 were fully permissive to MERS-CoV infection, resulting in relentless weight loss and death within days 
postinfection. High infectious virus titers were recovered primarily from the lungs and brains of mice at 2 and 4 days postinfec¬ 
tion, respectively, whereas viral RNAs were also detected in the heart, spleen, and intestine, indicating a disseminating viral in¬ 
fection. Infected Tg + mice developed a progressive pneumonia, characterized by extensive inflammatory infiltration. In con¬ 
trast, an inconsistent mild perivascular cuffing was the only pathological change associated with the infected brains. Moreover, 
infected Tg + mice were able to activate genes encoding for many antiviral and inflammatory mediators within the lungs and 
brains, coinciding with the high levels of viral replication. This new and unique transgenic mouse model will be useful for fur¬ 
thering knowledge of MERS pathogenesis and for the development of vaccine and treatments against MERS-CoV infection. 

IMPORTANCE 

Small and economical animal models are required for the controlled and extensive studies needed for elucidating pathogenesis 
and development of vaccines and antivirals against MERS. Mice are the most desirable small-animal species for this purpose be¬ 
cause of availability and the existence of a thorough knowledge base, particularly of genetics and immunology. The standard 
small animals, mice, hamsters, and ferrets, all lack the functional MERS-CoV receptor and are not susceptible to infection. So, 
initial studies were done with nonhuman primates, expensive models of limited availability. A mouse lung infection model was 
described where a mouse adenovirus was used to transfect lung cells for receptor expression. Nevertheless, all generally agree 
that a transgenic mouse model expressing the DPP4 receptor is needed for MERS-CoV research. We have developed this trans¬ 
genic mouse model as indicated in this study. This new and unique transgenic mouse model will be useful for furthering MERS 
research. 


A severe acute respiratory syndrome caused by a new coronavi¬ 
rus (SARS-CoV) emerged in late 2002 and spread throughout 
Asia and to North America (http://www.who.int/csr/sars/country 
/table2004_04_21/en/). The infection caused ~8,000 cases of 
SARS in humans with ~10% mortality before the epidemic was 
brought under control by using infection control measures (1). 
Investigations concluded that the new virus (SARS-CoV) likely 
emerged from bats and that an intermediate animal host (civets) 
might have been involved in spread (2, 3). Ten years later (in 
2012), another new CoV emerged in the Middle East as a cause of 
SARS-like disease in humans and was named Middle East respi¬ 
ratory syndrome (MERS)-CoV (4, 5). The outbreak of MERS- 
CoV is ongoing and, as of 5 November 2014, has caused 929 lab- 
oratory-confirmed cases with 372 deaths (~ 40% mortality rate). 
The natural reservoir of MERS-CoV is thought again to be bats, 
with camels as a possible intermediate host (6, 7). 

Although much information has been gained about MERS and 
MERS-CoV since emergence, significant deficiencies in basic and 
translational research exist, largely stemming from lack of suitable 


small-animal models for studies of pathogenesis and for develop¬ 
ment of vaccines and antivirals. Mice are the most desirable small 
animal for this purpose because of availability and the existence of 
a vast knowledge base, particularly of genetics and immunology. 
Unfortunately, standard small animals used in research such as 
mice, hamsters, and ferrets, all lack the MERS-CoV receptor, hu- 

Received 26 November 2014 Accepted 9 January 2015 
Accepted manuscript posted online 14 January 2015 

Citation Agrawal AS, Garron T, Tao X, Peng B-H, Wakamiya M, Chan T-S, Couch RB, 
Tseng CK. 2015. Generation of a transgenic mouse model of Middle East 
respiratory syndrome coronavirus infection and disease. J Virol 89:3659-3670. 
doi:10.1128/JVI .03427-14. 

Editor: A. Garcia-Sastre 

Address correspondence to Chien-Te K. Tseng, sktseng@utmb.edu. 

ASA. and T.G. contributed equally to this article. 

Copyright © 2015, American Society for Microbiology. All Rights Reserved. 
doi:10.1128/JVI .03427-14 


April 2015 Volume 89 Number 7 


Journal of Virology 


jvi.asm.org 3659 


Downloaded from http://jvi.asm.org/ on June 9, 2015 by University of Manitoba Libraries 




Agrawal et al. 


man CD26 (hCD26), or dipeptidyl peptidase-4 (DPP4) and are 
not susceptible to MERS-CoV infection (8-11). Although studies 
with nonhuman primates (NHPs) such as rhesus macaques and 
marmosets have demonstrated their susceptibility to various de¬ 
grees of MERS-CoV infection, NHPs are expensive models with 
limited availability (12, 13). Although a mouse lung infection 
model was described wherein an adenovirus vector was used to 
transduce the viral receptor gene (14), it is generally agreed that a 
transgenic mouse model expressing the hCD26/DPP4 receptor is 
needed for research on MERS-CoV infection and disease. To de¬ 
rive such models, we used constitutive global or tissue-specific 
promoters, as well as an inducible, tissue-specific promoter. We 
describe here the first transgenic mouse lineage globally express¬ 
ing hCD26/DPP4 receptor and show that these transgene-positive 
(Tg + ), but not transgene-negative (Tg _ ), mice are highly suscep¬ 
tible to MERS-CoV infection and disease. 

MATERIALS AND METHODS 

Construction and characterization of a hCD26 expressing plasmid in 
vitro. The transgene cassette expressing hCD26 (also known as dipeptidyl 
peptidase-4 [DPP4]) was constructed using pCAGGS.MCS, a eukaryotic 
expression vector, as we previously described in making a construct ex¬ 
pressing the hACE-2 receptor of SARS-CoV (15). Briefly, cDNA of 
hCD26, the viral receptor of MERS-CoV, which was generated from the 
mRNA of human phytohemagglutinin-activated T cells (16) and pro¬ 
vided to us by C. Morimoto, University of Tokyo, Tokyo, Japan, was 
cloned into pCAGGS.MCS under the control of the CAG promoter, 
which is a composite promoter consisting of the cytomegalovirus (CMV)/ 
immediate-early enhancer and the chicken (3-actin promoter, containing 
rabbit globulin splicing and polyadenylation sites. This CAG promoter 
was chosen because it is a strong synthetic promoter frequently used to 
derive high levels of gene expression in mammalian expression vectors. In 
addition, it has an advantage over the first-generation CMV promoter in 
that its activity does not decline over generations of transgenic mouse 
breeding, as do some other CMV-based promoters (17). To verify the 
transgene construct, designated pCAGGS-hCD26 (Fig. 1A), we trans¬ 
fected 17CL-1 mouse fibroblast cells and assessed the expression of 
hCD26 protein by Western blotting analyses using a goat polyclonal an¬ 
tibody against hCD26 known to have —5% cross-reactivity to mouse 
CD26 (R&D Systems). Established hCD26-expressing mouse 17CL-1 
cells, along with cells transfected with empty vector, were tested for 
MERS-CoV susceptibility to verify the permissiveness of hCD26-express- 
ing cells to infection by monitoring yields of progeny virus and the for¬ 
mation of cytopathic effect (CPE). 

Generation, detection, and breeding of transgenic mice. The trans¬ 
gene (—5.6 kb) comprising CAGG enhancer/promoter, intron sequence, 
human CD26 cDNA, and rabbit beta globin poly(A) signal was released 
from pCAGGS.hCD26 using Sail and AvrII restriction enzymes and in¬ 
jected into B6C3F1/J X C57BL/6J or C57BL/6J zygotes. G 0 founder mice 
were tested for transgene integration using quantitative PCR (qPCR) 
and/or Southern blot analysis. Briefly, tail genomic DNA isolated from tail 
biopsy specimens was subjected to qPCR using hCD26-specific primers 
(forward, 5'-CCAAAGACTGTACGGGTTCC-3'; reverse, 5'-TCAACAT 
AGAAGCAGGAGCAG-3') and fluorescence probe (5'-/56-FAM/AAG 
GCAGGAGCTGTGAATCCAACT/36-TAMSp/-3') on a C1000 Touch 
thermocycler linked to a CFX96 real-time detection system (Bio-Rad). In 
some cases, Southern blot analysis was used to identify transgene-positive 
founder mice; for this, tail DNA was digested by BamHI, separated on 
agarose gels, and transferred to Hybond-XL (GE Healthcare Life Sci¬ 
ences). The blots were hybridized with 32 P-labeled probes prepared by 
random primed labeling. A 0.4-kb Sall-Ncol fragment of the CMV en¬ 
hancer and a 0.7-kb Bglll fragment (DPP4 3' untranslated region 
[3'UTR]), isolated front pCAGGS.hCD26, were used as probes. The Gsc2 
5' probe was used to normalize the amount of DNA on the blots (18). The 


transgenic mouse experiments were carried out in the barrier facility of 
the University of Texas Medical Branch transgenic mouse core facility. All 
animal work conformed to National Institutes of Health (NIH) and 
AAALAC regulations and guidelines. 

Virus and cells. The EMC-2012 strain of MERS-CoV, kindly provided 
by Heinz Feldmann (NIH, Hamilton, MT) and Ron A. Fouchier (Erasmus 
Medical Center, Rotterdam, Netherlands), was used throughout the pres¬ 
ent study. Vero E6 cells (American Type Culture Collection) were used to 
expand the virus stocks and titrate the yields of progeny viruses. Briefly, 
confluent Vero E6 cells were inoculated with MERS-CoV/EMC-2012 
(passage 2) at a multiplicity of infection (MOI) of 0.001 to generate the 
passage 3 working stock of the virus. The cell-free supernatants derived 
from infected cultures were titrated using Vero E6 cell-based infectivity 
assays and expressed as 50% tissue culture infectious dose (TCID 50 )/ml. 
Aliquots of virus stock with a typical titer of —10 7 TCID 50 /ml were stored 
at — 80°C. In addition, a strain of recombinant MERS-CoV expressing red 
fluorescent protein (rMERS-CoV/RFP), kindly provided by Ralph Baric, 
University of North Carolina at Chapel Hill (11), was similarly expanded 
and used in the indicated experiments to visualize the infection. All ex¬ 
periments involving infectious virus were conducted at the University of 
Texas Medical Branch (Galveston, TX) in approved biosafety level 3 
(BSL-3) laboratories and animal facilities, with routine medical monitor¬ 
ing of staff. 

Viral challenge and morbidity and mortality studies of infected 
mice. All animal experiments were carried out in accordance with animal 
protocols approved by the Institutional Animal Care and Use Committee 
at the University of Texas Medical Branch. Since the result of a pilot study 
indicated that hCD26 transgene-positive (Tg + ) mice of different genetic 
background were equally susceptible to MERS-CoV infection (data not 
shown), Tg + and their age-matched transgene-negative (Tg~) littermates 
derived from the line 52 (see description below) founder mouse were 
backcrossed one or two times onto either a C57BL/6 or B6C3F1/J back¬ 
ground. Anesthetized Tg + and Tg~ littermates at ages 5 to 7 weeks were 
inoculated via the intranasal (i.n.) route with 10 6 TCID 50 of MERS-CoV 
in a total volume of 80 pi. Animals were weighed and monitored daily for 
clinical signs of disease and abnormalities, including appearance, stereo¬ 
typical behavior/abnormal movements, decreased responsiveness or ac¬ 
tivity, and weight loss. The clinical scoring system used was as follows: 0, 
no apparent illness; 1, mildly sick; 2, ruffled fur or hunching; 3, ruffled fur 
and hunching, with or without additional signs; 4, moribund; and 5, 
found dead. Some infected mice were sacrificed at indicated times postin- 
fection (p.i.) to obtain tissue specimens for assessing the distribution of 
virus and associated histopathology using standard protocols, such as a 
Vero E6 cell-based infectivity assay, quantitative reverse transcription- 
PCR (qRT-PCR) assay, and immunohistochemical (IHC) staining. 

Virus isolation. Pieces of collected tissue specimens (lungs, brain, 
heart, liver, kidney, spleen, and intestine) were weighed and homogenized 
in phosphate-buffered saline (PBS)-10% fetal calf serum solution using a 
TissueLyser (Qiagen, Retsch, Haan, Germany) to yield 10% tissue-PBS 
suspensions. These suspensions were clarified by centrifugation and 
tested in a Vero E6 cell-based assay for titrating quantity of infectious 
virus. The virus titers of individual samples were expressed as TCID 50 per 
g of tissue. 

RNA extraction and real-time quantitative qRT-PCR. Pieces of tis¬ 
sues were transferred to individual vials containing RNAlater solution 
(Qiagen) and subsequently homogenized as described previously and 
subjected to total RNA isolation, using TRIzol Reagent (Life Technolo¬ 
gies), for assessing MERS-CoV-specific genome targeting the virus-spe¬ 
cific upstream E gene (upE) and mouse GAPDH gene (mGAPDH), as 
previously described (19). For the detection of hCD26 and viral gene 
expression in different tissues, 0.5 p-g of RNA was used in a one-step 
real-time RT-PCR with a gene-specific primer/probe mix for the hCD26 
gene and upE gene of MERS-CoV, using the Superscript III One-step 
RT-PCR kit (Invitrogen) according to the manufacturer’s instructions. 
The primers and probes used for upE gene of MERS-CoV were as follows: 
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FIG 1 Transfection with the hCD26 transgene construct, pCAGGS.hCD26, effectively converts nonsusceptible mouse fibroblastic 17CL-1 cells to become fully 
supportive of productive MERS-CoV infection. (A) Schematic diagram of hCD26 expressing vector cassette, designated pCAGGS.hCD26. The hCD26 gene was 
cloned in this vector by restriction digestion with EcoRI at the multiple cloning site (MCS) which is driving the expression in the presence of chicken (3-actin 
promoter. Introns and polyadenylation signals were included in the expressing cassette to enhance the transcription and increase the mRNA stability of 
transgenes. These elements were cloned into the plasmid such that the transgene could be expressed in one piece from the plasmid backbone by digestion with 
restriction enzymes (38, 39). Confluent parental and 17CL-1 cells stably transfected with the hCD26 transgene construct were analyzed for the expression of 
hCD26 with a goat anti-hCD26 antibody using indirect immunofluorescent staining (B) and Western blot analysis (C). The expression of hCD26 antigen was 
detected exclusively in 17CL-l/hCD26 cells as the green fluorescent protein with an expected size of 110 kDa. (D to F) To assess the permissiveness of 
170. !/hCD26 cells to MERS-CoV infection, confluent 17CL-1 and 17CL-l/hCD26 cells, grown in 12-well plates, were infected with either MERS-CoV/EMC- 
2012 or rMERS-CoV/RFP at anMOI of 1 and monitored for CPE for 2 days after infection (D andE), and yields of infectious progeny virus were titrated at 1 and 
2 dpi (F; the dashed line indicates the detection limit). The data shown are representative of at least two independently conducted experiments. The infectious 
virus titer (log 10 TCID 50 /ml) is expressed as the mean ± the standard error of triplicate samples. 0.001 (determined using the Student ftest, comparing 

17CL-1 and 17CL-l/hCD26 cells). 


forward, 5' -GCC TCT ACA CGG GAC CCA TA-3'; reverse, 5' -GCA ACG 
CGC GAT TCA GTT-3'; and fluorescence probe, 5’-/56-FAM/CTC TTC 
ACA TAA TCG CCC CGA GCT CG/36-TAMSp/-3'. The relative amount 
of targeted mRNA was obtained by normalizing with endogenous control 
gene (mGAPDH) and calculated in terms of the fold difference by the 
standard threshold cycle (AAC r ) method (20). 

Transcriptional profiling of cytokine and chemokine responses by 
qRT-PCR assays. RNA extracted from either lung or brain tissue was 
subjected to qRT-PCR analyses for quantifying transcriptional expression 
of selected genes encoding key cytokines and chemokines. Briefly, 1 p.g of 


RNA from an individual tissue obtained from infected Tg + or Tg~ ani¬ 
mals was converted to cDNA in a 20-p.l reaction volume containing Su¬ 
perscript II (Invitrogen, Carlsbad, CA), oligo(dT) (500 ng), 20 Uof RNase 
OUT, and 10 mM deoxynucleoside triphosphate mix in a 20-p.l reaction 
volume. The reaction conditions were strictly according to the manufac¬ 
turer’s instructions. Transcription profiles of each cytokine/chemokine in 
the brain and lung were determined by real-time qPCR using iQ SYBR 
green PCR Supermix (Bio-Rad). Real-time reactions were set up in dupli¬ 
cate for each cytokine or chemokine using endogenous mouse GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) gene as internal controls 
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TABLE 1 Primers of selected antiviral and inflammatory genes 


Primer 

Gene 

Primer 


Region 

Amplicon 
size (bp) 

Orientation 

Sequence (5'-3') 

i 

IL-1|3 

F 

TGG ACC TTC CAG GAT GAG GAC A 

897-1044 

148 



R 

GTT CAT CTC GGA GCC TGT AGT G 



2 

IL-2 

F 

GGA CTT TCT GAG GAG ATG GAT AG 

498-581 

84 



R 

TGT TGT AAG CAG GAG GTA CAT AG 



3 

IL-6 

F 

TAC CAC TTC ACA AGT CGG AGG C 

169-284 

116 



R 

CTG CAA GTG CAT CAT CGT TGT TC 



4 

IL-12 p40 

F 

TTG AAC TGG CGT TGG AAG CAC G 

720-851 

132 



R 

CCA CCT GTG AGT TCT TCA AAG GC 



5 

TNF-a 

F 

TTG TCT ACT CCC AGG TTC TCT 

526-632 

107 



R 

GAG GTT GAC TTT CTC CTG GTA TG 



6 

G-CSF 

F 

GCA GGC TCT ATC GGG TAT TTC 

1895-2006 

112 



R 

CAC CCC TAG GTT TTC CAT CTG 



7 

MCP-1 

F 

GTC CCT GTC ATG CTT CTG G 

92-235 

144 



R 

GCT CTC CAG CCT ACT CAT TG 



8 

IP-10 

F 

ATC ATC CCT GCG AGC CTA TCC T 

223-356 

134 



R 

GAC CTT TTT TGG CTA AAC GCT TTC 



9 

CXCL-l(KC) 

F 

TCC AGA GCT TGA AGG TGT TGC C 

206-315 

110 



R 

AAC CAA GGG AGC TTC AGG GTC A 



10 

MIP-la 

F 

ACC ATG ACA CTC TGC AAC C 

141-243 

103 



R 

CGA TGA ATT GGC GTG GAA TC 



11 

RANTES 

F 

CCT GCT GCT TTG CCT ACC TCT C 

152-276 

125 



R 

ACA CAC TTG GCG GTT CCT TCG A 



12 

IFN-p 

F 

GCG GAC TTC AAG ATC CCT ATG 

183-322 

140 



R 

ACA ATA GTC TCA TTC CAC CCA G 



13 

IFN-y 

F 

AAA TCC TGC AGA GCC AGA TTA T 

299-426 

128 



R 

GCT GTT GCT GAA GAA GGT AGT A 



14 

MX-1 

F 

TGG ACA TTG CTA CCA CAG AGG C 

773-887 

115 



R 

TTG CCT TCA GCA CCT CTG TCC A 




for both brain and lung tissues using specific primer sets in Table 1 . An 
identical amplification reaction condition consisting of (i) polymerase 
activation and DNA denaturation at 95°C for 3 min, (ii) 40 cycles each of 
the denaturation step at 95°C for 10 s, and (iii) an annealing/extension 
step at 60°C for 30 s was used for each gene analyzed. The reaction volume 
was kept at 10 pi by including 1 pi (10 ng) of cDNA from these reactions. 
The relative abundance of transcripts of each gene was calculated accord¬ 
ing to the comparative AA C T method (20). 

Histology and IHC testing. Tissues obtained from necropsy samples 
were fixed in 10% buffered formalin for 72 h, transferred to 70% ethanol, 
and later paraffin embedded. Histopathologic evaluation was performed 
on deparaffinized sections stained by routine hematoxylin-eosin (H&E) 
staining. IHC testing for MERS-CoV was performed using a previously 
described colorimetric indirect immunoalkaline phosphatase method 
(15) with a rabbit anti-MERS-CoV polyclonal antibody, a gift from Heinz 
Feldmann. The goat anti-hCD26 antibody (R&D Systems, catalog no. 
AF1180) was used to assess the distribution of hCD26 expression in trans¬ 
genic mice by IHC analysis. Normal mouse and goat sera were used as 
negative antibody controls. Primary antibodies were detected with either 
biotinylated swine anti-rabbit immunoglobulin (Dako, catalog no. 
E0353) or rabbit anti-goat immunoglobulin (KPL, catalog no. 16-13-06) 
as secondary antibodies. Visualization was then achieved by incubation 
with streptavidin-alkaline phosphatase and naphthol-fast red substrate 
(Dako) and with counterstaining with Mayer’s hematoxylin (Fisher Sci¬ 
entific). 

RESULTS 

Characterization of the hCD26 transgene construct in tissue 
culture. To validate the potential of the hCD26 transgene cassette 
(Fig. 1A) in expressing the transgene, mouse fibroblastic 17 CL-1 


cells were cotransfected with the hCD26 expression plasmid, 
pCAGGS-CD26, and a plasmid encoding puromycin resistance. 
After selection with puromycin (2 pg/ml), the transfectants were 
assessed for level of transgene expression at the protein level by 
both immunofluorescence (IF) staining and Western blotting 
analyses. As shown in Fig. IB and C, an intense green fluorescence 
staining and a distinct band of ~ 110 kDa in Western blots, the 
estimated size of hCD26, were seen almost exclusively in 17CL-1 
cells transfected with the hCD26 expressing plasmid, indicating 
the effectiveness of the transgene construct in promoting cellular 
hCD26 expression. The much weaker band seen in wild-type 
17CL-1 cells likely represented mouse CD26 as the anti-hCD26 
antibody (R&D Systems) used for Western blotting was shown 
to having ~5% cross-reactivity to mouse CD26. To determine 
whether the expression of hCD26 viral receptor would convert 
nonpermissive 17CL-1 cells to cells that support MERS-CoV in¬ 
fection, confluent cultures of 17CL-l/hCD26 cells and parental 
17CL-1 cells were infected with either MERS-CoV or a recombi¬ 
nant MERS-CoV expressing red fluorescent protein (RFP) at an 
MOI of 1, followed by monitoring for morphological changes of 
infected cells and for the intensity of infection over time. In con¬ 
trast to the infection-resistant parental 17CL-1 cells, 17CL-1/ 
hCD26 cells were fully susceptible to MERS-CoV infection, result¬ 
ing in the development of CPE (Fig. ID), readily detectable 
expression of RFP (Fig. IE), and high yields of infectious progeny 
virus as early as 1 day postinfection (dpi) (Fig. IF). Based on these 
results, we conclude that induction of hCD26 expression using 
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this transgene construct effectively converts nonpermissive 17CL-1 
cells into permissive cells, capable of fully support MERS-CoV 
infection. 

Generation and characterization of hCD26 transgenic mice. 

Transgenic mice expressing hCD26 were generated by microin- 
jecting the expression cassette, excised from pCAGGS-CD26 by 
AvrII/Sall digestion, into pronuclei of zygotes from either the 
C57BL/6J or C57BL/6J X B6C3F1/J background, as described in 
Materials and Methods, which led to 81 live births. Based on the 
qPCR and/or Southern blot analyses of tail DNA, we identified 
five B6/C3H hybrid and two B6 founders that were then crossed 
with C57BL/6J and/or B6C3F1/J to propagate the lines. Among 
seven Tg + founder lineages, lines 52, 62, and 72 were selected, 
based on their ability to transmit hCD26 transgene to offspring, to 
further characterize hCD26 expression and expand the transgenic 
colonies. Southern blot analyses revealed that the intensity of 
hCD26 transgene was greatest in line 62, followed by line 72 and 
line 52, in that order (Fig. 2A). Line 62 suffered from both ex¬ 
tremely poor transgene transmissibility and neonatal deaths of 
Tg + pups, whereas the majority of Tg + pups of Line 72 died pre¬ 
maturely at ~3 weeks of age (Table 2). To evaluate the expression 
of hCD26 in lines 72 and 52, total RNA was extracted from tissues 
of Tg + Gj pups and subjected to qRT-PCR analysis using the same 
hCD26-specific primer-probe set used for tail genotyping. Al¬ 
though both lines expressed hCD26 in all tissues analyzed, the 
levels of hCD26 expression appeared to be higher in line 72 than in 
line 52, with the heart and spleen as the only exceptions (Fig. 2B). 

In contrast to the extreme difficulty that we encountered to 
propagate lines 62 and 72, the line 52 founder mouse was capable 
of generating many first-, second-, and third-generation Tg 1 pups 
that survived to maturity, permitting characterizing of hCD26 
expression. To investigate the tissue distribution of hCD26 pro¬ 
tein expression, cellular lysates and paraffin-embedded sections of 
various tissues were analyzed by Western blotting and IHC stain¬ 
ing using a polyclonal antibody known to recognize hCD26 with 
<5% cross-reactivity to mouse CD26 (R&D Systems, catalog no. 
AF1180). Among six tissues analyzed (i.e., heart, lung, spleen, in¬ 
testine, liver, and kidneys) by Western blotting, the expression of 
hCD26 was higher in both lungs and kidneys than in other tissues 
(Fig. 2C). The standard IHC assays also detected the expression of 
hCD26 antigen in all tissues analyzed, including the lung, brain, 
heart, liver, kidney, and intestine (Fig. 2D). We noted in Tg + mice 
that hCD26 was primarily detected in both types of alveolar pneu- 
mocytes in lung and neuronal cells and endothelial cells in brain 
(Fig. 2Da andb). Prominent epithelial and/or endothelial hCD26 
expression was detected in the liver, kidneys, and the gastrointes¬ 
tinal (GI) tract (Fig. 2Dd to f). Hepatic expression of hCD26 ex¬ 
tended to the surface of hepatocytes. The expression of hCD26 was 
focalized within the muscularis layer of the GI tract and cardio- 
myocytes of the heart. Importantly, this positive staining is spe¬ 
cific to hCD26 since no staining could be detected in tissues from 
Tg - mice. Taken together, these results indicate that line 52 is a 
stable transgenic lineage globally expressing the hCD26 receptor 
for MERS-CoV. 

Transgenic mice expressing hCD26 are permissive to MERS- 
CoV infection that results in disease and mortality. With the 
characterized hCD26 transgenic lineage, we explored whether line 
52 hCD26 Tg + mice would be permissive to MERS-CoV infec¬ 
tion. For a pilot study, we infected i.n. two Tg 1 mice of different 
genetic backgrounds obtained from backcrossing to either B6 or 


B6C3F1 1] mice, along with two Tg - age-matched littermates, with 
10 6 TCID 50 of MERS-CoV in 80 pi Mice were sacrificed 2 days 
later after infection to assess the yield of infectious virus in the 
lungs using Vero E6 cell-based infectivity assays. We found that 
Tg + mice of different genetic background, but not those of Tg - 
littermates, were equally susceptible to infection, as evidenced by 
high yields of infectious virus (data not shown). 

Encouraged by the results of this pilot study, we subsequently 
inoculated additional age-matched line 52 Tg + and Tg - mice; 
nine animals in each Tg group were given 10 6 TCID 50 i.n. in 80 pi 
for initial assessment of the kinetics of infection and disease. The 
tissue distribution of infection and disease was assessed by sacri¬ 
ficing two mice in each group at 2 and 6 dpi. Mice were monitored 
daily for signs of clinical illness, weight loss, and mortality. We 
noted that challenged Tg + , but not Tg - , mice developed an acute 
wasting syndrome, as evidenced by progressive weight loss start¬ 
ing at 2 dpi, reaching 30% at 5 dpi, and leading subsequently to 40 
and 100% mortality at 5 and 6 dpi, respectively (Fig. 3A and B). 
Other clinical manifestations of infected Tg + mice included ruf¬ 
fled fur, lethargy, inactivity, and rapid and shallow breathing. De¬ 
spite their immobility, we did not observe any signs of neurolog¬ 
ical disorder, such as seizure or paralysis, in the Tg + mice that 
were severely affected by MERS-CoV infection. The hCD26 Tg - 
mice continued to thrive throughout the course of infection with¬ 
out showing any weight loss or signs of clinical illness. 

Line 52 transgenic mice expressing hCD26 developed dis¬ 
seminated infection. To determine the kinetics and tissue distri¬ 
bution, tissue specimens of Tg + and Tg - mice collected on 2 and 
4 dpi were tested for infectious virus in the Vero E6 cell-based 
infectivity assay. It was clear that lung and brain appeared to be the 
prime sites of intense viral infection (Fig. 3C and D). We detected 
titers as high as ~10 7 TICD 50 /g of lung at 2 dpi that dropped at 4 
dpi to ~10 4 TCID 50 /g, a net loss of 3 logs. In contrast to the acute 
and robust pulmonary infection, we were unable to isolate infec¬ 
tious virus from the brain until 4 dpi when an average of 7 X 10 4 
TCID 50 /g was detected. These results indicate that the kinetics of 
MERS-CoV infection in the lung and brain of Tg + mice were 
substantially different. Despite the high yields of infectious virus 
detected in the lung and brain, we were unable to isolate any in¬ 
fectious virus from other tissues, including the liver, heart, spleen, 
kidneys, and intestines, at either 2 or 4 dpi (data not shown). To 
verify the presence or absence of virus in tissues with no infectious 
virus, we tested for virus in all tissues collected at both 2 and 4 dpi 
for the presence of viral RNA by qRT-PCR targeting the upstream 
E gene of MERS-CoV. Consistent with the high yields of infectious 
virus, a 6-log-greater level of specific viral RNA was detected in the 
lungs and brains of infected Tg + mice than inTg - mice (Fig. 3D). 
Importantly, MERS-CoV-specific viral RNA was also readily de¬ 
tected at either 2 or 4 dpi in the heart, spleen, and intestine, al¬ 
though we were not able to isolate any infectious virus, suggesting 
that a disseminated MERS-CoV infection had occurred in the 
hCD26 Tg + mice. Interestingly, however, we were unable to de¬ 
tect any viral RNA in the liver and kidneys, despite the expression 
of hCD26 in these organs (Fig. 2B, C, and Dd and e). 

Because high titers of infectious virus could be readily recov¬ 
ered from lungs and brains of challenged Tg + mice, we performed 
IHC staining with paraffin-embedded tissues and a specific anti¬ 
body for detecting viral antigen, as described in Materials and 
Methods, to confirm the cellular tropism of MERS-CoV infection 
for each tissue. As shown in Fig. 3E and G, lung alveolar pneumo- 
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FIG 2 Expression of hCD26 in transgene-positive (Tg + ) mice. (A) Genomic DNA extracted from tail biopsy specimens of hCD26 transgenic founder mice of 
lines 52, 62, and 72 were digested by BamHI and subjected to Southern blot analyses to determine the relative intensities of the integrated hCD26 transgene, as 
described in Materials and Methods. The relative intensities of hCD26 among these three Tg + lineages are presented as ratios of the signals probed by a Sall-Ncol 
fragment (CMV enhancer) and a 0.7-kb Bglll fragment (DPP4 3'UTR, isolated from pCAGGS.hCD26, and Gsc2 5') and used to normalize the amount of DNA. 
(B) Tg + mice derived from lines 52 and 72 were euthanized, and their various tissue specimens were harvested to extract total RNA to assess the relative tissue 
abundances of hCD26 mRNA expression by qRT-PCR, as described in Materials and Methods. (C) hCD26 Tg + mice of line 52 were euthanized, and the 
homogenates and paraffin-embedded sections of various tissues were prepared to assess the expression of hCD26 protein by Western blotting with the 
anti-hCD26 antibody described in Fig. 1. A varying intensity of hCD26 protein was detected in all of the tissues analyzed. (D) Paraffin-embedded tissues derived 
from Tg + and Tg mice were subjected to IHC staining with an anti-hCD26 antibody to localize hCD26 expression. In Tg + mice, the expression of hCD26 in the 
lungs was readily detectable in type I and type II alveolar pneumocytes (arrow), endothelial cells (arrow), and neurons (arrowhead) in the brain, muscle cells 
(arrow) in the heart, endothelial cells (arrow) and the surface of hepatocytes (arrowhead) in the liver, endothelial cells (arrow) in the kidneys, and epithelial lining 
(arrowhead) and the underneath muscularis (arrow) in the intestines. No hCD26 expression was evident in the tissues of Tg~ mice. 


cytes, both type I and type II, and brain microglia, astrocytes, and 
neuronal cells expressed abundant viral antigen in Tg + mice at 2 
and 4 dpi, a finding consistent with the high titers of virus. These 
patterns of viral antigen expression were compatible with the cel¬ 
lular distribution of the hCD26 receptor for MERS-CoV (Fig. 2D), 
even though a two-color IHC staining was not performed. These 
findings indicate that transgenic mice expressing hCD26/DPP4 


are highly susceptible to a MERS-CoV infection that results in 
significant morbidity and mortality. 

Histopathology in MERS-CoV-infected hCD26 Tg + mice. 
Pathological changes in virally challenged Tg + and Tg - mice were 
assessed at 2 and 4 dpi. Consistent with the intense viral infection, 
gross lesions, consisting of discoloration (red to dark red) and 
multifocal consolidation, were observed in the lungs of Tg + but 
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TABLE 2 Founders of hCD26 transgenic lineages 0 


Founder 

(lineage) 

Sex 

Background 

Transgene confirmation 
method 

Germ line 

transmission 

Notes 

7 

F 

B6/C3 mix 

SB/qPCR 

No 

The mouse was fertile but produced no transgene-positive pups. 

52 

F 

B6/C3 mix 

qPCR 

Yes 

The mouse was viable and fertile. 

54 

M 

B6/C3 mix 

qPCR 

ND 

The mouse died shortly after weaning. 

62 

M 

B6/C3 mix 

SB/qPCR 

Yes 

The mouse was fertile but produced small fitters. A few 
transgene-positive pups were found, but they died within a 
week after birth. 

72 

F 

B6/C3 mix 

SB/qPCR 

Yes 

The mouse was fertile. The majority of transgene-positive pups 
died after weaning before achieving sexual maturity. 

76 

ND 

B6 

SB/qPCR 

ND 

The mouse died before weaning. 

78 

F 

B6 

SB/qPCR 

Yes 

The mouse was fertile but did not take care of the pups. None of 
the pups survived beyond neonatal periods. 


a ND, not determined; SB, Southern blotting; B6/C3 mix, crossed with B6C3F1/J and C57BL/6J. 


not in Tg~ mice at 2 dpi, and changes had progressed at 4 dpi 
(Fig. 4A). Histological examination of the lung at 2 dpi showed 
a moderate bronchointerstitial pneumonitis and multifocal 
perivascular infiltrates with some changes extending into terminal 
bronchioles and adjacent pulmonary parenchyma. At 4 dpi, more 
intense cellular infiltrates, including pulmonary macrophages and 
lymphocytes, were seen within alveolar spaces (Fig. 4B). Both type 
I and type II alveolar epithelial cells appeared to be targets for 
MERS-CoV infection in hCD26 Tg + mice (Fig. 2D). In contrast to 
the infected lungs, there was no necrosis or significant inflamma¬ 
tory reaction, other than mild perivascular cuffing identified in a 
single animal, observed in the brain, even at 4 dpi when the prom¬ 
inent viral infection was detected (Fig. 4C). Similarly, no patho¬ 
logical findings could be identified in other tissues collected from 
virus-challenged Tg + or Tg~ mice (data not shown). 

MERS-CoV infection induces inflammatory responses in the 
lung and brain of Tg + mice. As noted for SARS-CoV infection, 
significant cytokine and chemokine responses in the lungs of pa¬ 
tients severely affected by MERS-CoV infection have been impli¬ 
cated as important mechanisms of MERS pathogenesis (13, 14, 
21). The rapid onset of morbidity and mortality of hCD26 Tg + 
mice in response to respiratory MERS-CoV challenge prompted 
us to explore the host cytokine/chemokine responses in the lung 
and brain, the two most affected tissues. Specifically, we deter¬ 
mined the transcriptional activation of genes encoding classic an¬ 
tiviral cytokines (IFN-J3, IFN-y, and MX-1) and proinflammatory 
cytokines (IL-2, IL-6, IL-12p40, IL-lp, and TNF-a), as well as 
chemokines (G-CSF, MCP-1, IP-10, CXCL-1, MIP-la, and 
RANTES), using qRT-PCR. These 14 genes were selected on the 
basis of their elevated expression in the lung and brain, as demon¬ 
strated by us in hACE2 transgenic mice in response to respiratory 
challenge with SARS-CoV (15, 22). As shown in Fig. 5, compared 
to the negligible gene activation of infected Tg~ mice, elevated 
mRNA levels of the majority of genes analyzed, including IL-lp, 
IL-6, TNF-a, G-CSF, MCP-1, IP-10, CXCL-1 (KC), MIP-la, 
RANTES, and MX-1, were readily detected in both the lungs and 
brains of infected Tg + mice in at least one time point evaluated 
(either 2 or 4 dpi) with few exceptions. Elevated mRNA expres¬ 
sions of both IFN-(3 and IFN-y were observed exclusively within 
the lungs at 2 dpi, whereas activated IL- 12p40-encoded gene could 
only be detected in the brain at 4 dpi. The IL-2-encoding gene was 
the only gene whose expression was not induced by MERS-CoV 
infection in Tg + mice. We also noted that the magnitudes of gene 


activation in infected Tg + mice were generally higher at 2 dpi in 
the lung and 4 dpi in brain, a pattern of response consistent with 
MERS-CoV replication within individual organs analyzed. Taken 
together, these results indicate not only that hCD26 Tg + mice can 
fully support MERS-CoV infection, resulting in morbidity and 
mortality, but that they also respond to the infection by rapidly 
eliciting acute inflammatory responses. 

DISCUSSION 

There is a need for small-animal models of the recently emerged 
MERS-CoV infection and disease so as to conduct studies of 
pathogenesis and immunity and for the development of vaccines 
and antivirals. The failure of mice, hamsters, and ferrets, the most 
commonly used animals for research, to support MERS-CoV in¬ 
fection (23) has impaired progress toward understanding this 
infection and disease and the development of vaccines and antivi¬ 
rals. This circumstance for MERS contrasts with that for SAR- 
CoV infection and disease, the earlier emerged severe acute respi¬ 
ratory disease wherein mice, hamsters, and other small animals 
were susceptible to infection and disease (24). Also, with passage 
in mice, a SARS-CoV virus strain was developed that caused severe 
respiratory disease and death (25). The virus receptor for SARS- 
CoV (hACE-2) is present in small animals and permitted a con¬ 
siderable research effort on SARS-CoV infection and disease. The 
virus receptor for MERS-CoV, i.e., CD26/DPP4, is not present on 
tissues of mice, hamsters, and ferrets, and these animals are not 
susceptible to infection, a circumstance considerably impairing 
research. Two NHP species, rhesus macaques and marmosets, and 
Ad5-hDPP4-transduced mice have been reported as models for 
MERS-CoV infection and disease (13,14). In contrast to the tran¬ 
sient and self-limited viral infection and mild-to-moderate respi¬ 
ratory disease that developed in rhesus macaques and Ad5- 
hDPP4-transduced mice, marmosets developed a more intense 
infection, predominantly in the respiratory tract, that caused pro¬ 
gressive severe pneumonia and death in some animals. Currently, 
the marmoset appears to be the best model for MERS-CoV infec¬ 
tion and disease. 

With considerable effort, we succeeded in establishing a trans¬ 
genic mouse model for MERS-CoV infection and disease. In this 
report, we present the characterization of this transgenic lineage 
with regard to hCD26/DPP4 transgene expression and the out¬ 
come of MERS-CoV challenge of transgenic mice. In contrast to 
the variable duration and level of hDPP4 expression, as well as the 
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FIG 3 Transgenic mice expressing hCD26 are permissive to MERS-CoV infection, leading to morbidity and mortality. Both hCD26 Tg + and Tg~ mice, nine 
animals each, were challenged i.n. with 10 6 TCID 50 of MERS-CoV in 80 pi. Infected mice were monitored daily for their weight gain or loss (A), other signs of 
clinical illness, and mortality (B). Two animals were euthanized at 2 and 4 dpi to determine the viral loads in various tissues harvested by quantifying infectious 
virus isolated (C) and viral RNA targeting upstream E gene by qRT-PCR (D). In addition, paraffin-embedded lung (E and F) and brain (G and H) tussues were 
stained for MERS-CoV antigen with a specific anti-MERS-CoV antibody raised in rabbits, as described in Materials and Methods. (A) Persistent weight loss (up 
to 30%) in infected Tg + , but not Tg _ , mice. (B) Cumulative survival rate of infected mice. Tg + mice succumbed to infection with 100% mortality at 6 dpi. (C) 
Infectious virus titers, expressed as log 10 TCID 50 per g of tissue, in the lungs and brain. (D) Copy numbers of viral E gene in the indicated tissues of Tg + mice, 
relative to those derived from Tg _ littermates. (E and F) Viral antigen (red) was readily detected in alveolar pneumocytes of Tg + (E), but not Tg _ (F), mice at 
2 dpi. (G and H) Viral antigen (red) was also detected in neurons (green arrow), microglia (arrowhead), astrocytes (black arrow), and astrocyte processes (star) 
in the brains of Tg + (G), but not Tg~ (H), mice at 4 dpi. 
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FIG 4 Histopathological changes in the lungs and brains of hCD26 Tg + mice 
challenged with MERS-CoV. Tg + and Tg mice were euthanized on day 2 and 
4 after challenge with MERS-CoV for assessing the pathology of the lungs and 
brain. (A) More extensive gross lesions of the lungs were detected in Tg + mice 
than in Tg~ mice, starting at day 2 after challenge. (B) Paraffin-embedded 
sections of lung and brain specimens were stained with H&E. Compared to a 
few foci of perivascular infiltration in the lungs of Tg~ mice, a more intense 
and widespread bronchiolitis and alveolitis was observed in the lungs of Tg + 
mice, starting at day 2 postchallenge. The major cell types of the inflammatory 
infiltrates were lymphocytes and monocytes, with a few scattered neutrophils. 


limited and transient disease developed by infected Ad5-hDPP4- 
transduced mice, we found that not only could these transgenic 
mice, globally expressing hCD26/DPP4, support a robust MERS- 
CoV infection, especially in lungs and brain, but they also devel¬ 
oped a severe respiratory and generalized illness that led to death 
within days after infection. With several defined endpoints con¬ 
sistently seen in MERS-CoV-challenged hCD26/DPP4 transgenic 
mice, including death, relentless weight loss, and acute and pro¬ 
found pulmonary viral infection with lung pathological changes, 
we believe that this newly established transgenic mouse model will 
aide in the effort to better understand the pathogenesis of MERS- 
CoV infection and disease, as well as provide a more economical 
platform for preclinical evaluations of antivirals and vaccines for 
MERS. 


Transgenic mice expressing hCD26/DPP4 were established us¬ 
ing the pCAGGS.hCD26 plasmid that was first shown to convert 
nonpermissive mouse 17CL-1 cells to fully susceptible to MERS- 
CoV infection (Fig. 1). Among four identified fertile founders of 
transgenic lineages capable of transmitting the transgene to off¬ 
spring (Table 1), three founders (lines 62, 72, and 78) suffered 
from either giving birth to very small litters or neonatal or the 
early death of pups. However, the line 52 founder was fertile and 
gave birth to litters with an average of 8 to 12 healthy pups, thereby 
allowing the generation of many G,, G 2 , and even G 3 Tg + off¬ 
spring. Such a low rate in successfully establishing hCD26/DPP4 
transgenic lineages was unexpected, as we had successfully used 
the same pCAGGS mammalian expression plasmid to establish at 
least five transgenic lineages globally expressing different levels of 
hACE-2 receptor for SARS-CoV (15), suggesting that the expres¬ 
sion of hCD26/DPP4 may have negatively affected the well-being 
of mice. 

It is well established that CD26/DPP4, a type II transmembrane 
serine peptidase, is unambiguously expressed at various intensi¬ 
ties in many human tissues and can regulate diverse biological 
functions in health and disease through the cleavage of X-proline 
dipeptides of many growth factors, chemokines, neuropeptides, 
vasoactive peptides, and other biologically active polypeptides 
(26, 27). In addition, an ill-regulated enzymatic function of CD26/ 
DPP4 could lead to the inactivation of incretin hormones, such as 
glucagon-like peptide 1 (GLP-1) and glucose-dependent insuli- 
notropic polypeptide (GIP), resulting in decreasing glucose-de- 
pendent secretion of insulin, the hallmark of diabetes (28). More¬ 
over, an increased CD26/DPP4 expression has been shown to 
negatively affect the growth of endothelial cells, especially within 
the microvasculature network (29). Therefore, DPP4 inhibitors 
have been used successfully as antidiabetic drugs, reversing the 
detrimental effect imposed by inactivated incretin hormones 
through increasing insulin secretion and suppressing glucagon 
secretion. Moreover, the intensity of CD26/DPP4 expression 
within the microvasculature network appears to negatively corre¬ 
late with the growth capacity of endothelial cells, since the inhibi¬ 
tion of CD26/DPP4 expression, afforded by TNF-a, or IL-lp 
treatment or other pharmacological manipulations, appeared to 
promote endothelial growth both in vitro and in vivo (29), provid¬ 
ing the therapeutic basis for using DPP4 inhibitors for treating 
vascular complications associated with diabetes. Based on these 
reports of DPP4 function, we explored whether uncontrolled 
sugar metabolism could be responsible for neonatal or premature 
deaths of Tg + pups of lines 62 and 72. Preliminary data obtained 
from a pilot study of line 62 founder and a few G : or G 2 pups (~3 
to 4 weeks of age) derived from lines 72 and 52 indicated that there 
were 2- to 3-fold increases in blood sugar levels in the Tg + mice of 
each lineage compared to their Tg~ littermates (data not shown). 
Coincidently, pathological examination also revealed the exis¬ 
tence of irregular vasculature in the kidneys, lungs, and liver of 
Tg + mice of Line 72 but not line 52 (data not shown). These 
results led us to speculate that hCD26 is likely catalytically active in 
Tg + mice, having a negative impact, to a varying extent, on the 
well-being of mice in a lineage-dependent manner. However, 
whether such an “add-on” hDPP4 activity in Tg 1 mice could be 
responsible for elevated blood sugar levels and abnormal vascula¬ 
tures and contribute to breeding difficulties and prenatal or post¬ 
natal deaths awaits additional studies. Similarly, whether altered 
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FIG 5 MERS-CoV infection induces profound acute innate inflammatory responses within the lungs and brain of hCD26 Tg + mice. Total RNAs were extracted 
from the lungs and brains of Tg + and Tg mice at days 2 and 4 after infection with MERS-CoV and processed for profiling innate inflammatory responses by 
qRT-PCR, targeting a panel of 14 genes encoding antiviral and proinflammatory cytokines and chemokines. The relative abundance of mRNA transcripts of each 
gene was calculated according to the comparative AA C T method. The results are presented as the fold changes in gene expression of infected Tg + mice compared 
to that of infected Tg~ mice. The data displayed represent the means ± the standard errors of two animals, with duplicate samples of each. 


glucose metabolism influences the course of infection and disease 
in line 52 Tg + mice awaits further study. 

Studies of the kinetics and tissue distribution of MERS-CoV 
replication in virally challenged (i.n.) Tg + mice derived from the 
only transgenic lineage established (line 52) clearly indicated that 
a robust viral infection took place primarily in the lung and brain, 
making them the prime tissues for MERS-CoV infection in these 
animals. The highest load of infectious virus in the lung was de¬ 
tected at 2 dpi and was followed by a decrease of 3 logs at 4 dpi, 
whereas infectious virus in the brain could not be detected until 4 
dpi, suggesting that the respiratory tract was the initial site of 
MERS-CoV infection, which then spread to the brain (Fig. 3C). 
Studies of IHC for antigen expression showed that MERS-CoV 
primarily replicated in type I and II pneumocytes in the lung al¬ 
veolae, whereas MERS-CoV infection in the brain could be de¬ 
tected in many cell types, including microglial, astrocytes, and 
neurons (Fig. 3E and G). Although infectious virus was not recov¬ 
ered from the other tissues collected, viral RNA was readily de¬ 
tected by qRT-PCR in the heart, spleen, and intestines, suggesting 
a disseminated infection had occurred. However, despite con¬ 
firmed hCD26/DFPP4 expression, no viral RNA was detected in 
the liver and kidneys (Fig. 3D and 2D). The occurrence of acute 
renal failure has been reported to occur in some MERS patients 


(30) and viral loads in the kidneys of experimentally infected 
NHPs was evaluated, aiming at linking the acute kidney disease 
directly to MERS-CoV infection. Despite the widespread viral in¬ 
fection that occurred in experimentally infected rhesus macaques 
and marmosets, detection of viral RNA from kidneys could only 
be detected in marmosets; however, neither infectious virus nor 
histopathology was detected in the kidneys of infected marmosets 
( 12, 13). As in our studies, respiratory infection with MERS-CoV 
in marmosets appeared to lead to virus in the central nervous 
system, as evidenced by the detection of viral RNA in the frontal 
lobe, cerebellum, and brain stem (13). Attempts to isolate virus 
from the brain were not made in infected marmosets by these 
investigators. 

Histopathological examination of tissues collected from chal¬ 
lenged Tg + mice identified lungs as the tissue with the most path¬ 
ological changes, a finding consistent with its supporting an acute 
and robust MERS-CoV infection. In addition to readily recogniz¬ 
able gross changes (Fig. 4A), microscopic lesions of infected lungs 
occurred as early as 2 dpi and progressed to an intense bron- 
chointerstitial pneumonia at 4 dpi with prominent inflammatory 
infiltrates of lymphocytes, macrophages, and neutrophils (Fig. 
4B). Although mild thickening of alveolar walls was present at 4 
dpi, edema and/or fibrin deposition was not detected in pulmo- 
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nary interstitium. Other than a mild perivascular cuffing in a sin¬ 
gle mouse, pathological change was not detected in the brain, even 
at 4 dpi when a robust viral replication was detected (Fig. 4C and 
Fig. 3). Similarly, no pathological changes were identified in the 
other tissues examined, i.e., the heart, liver, spleen, kidneys, and 
intestines (data not shown). 

Although the exact mechanisms of contribution to the patho¬ 
genesis of MERS-CoV are unknown, an ill-regulated host innate 
inflammatory response has been implicated as responsible, at least 
in part, for the acute lung injury (13, 31). Based on the sites of 
intense viral replication identified in this transgenic mouse model 
of MERS-CoV infection and disease, we explored these host re¬ 
sponses in the lungs and brain. As seen in experimentally chal¬ 
lenged marmosets, robust innate antiviral and inflammatory re¬ 
sponses were swiftly generated in the lungs and brains of Tg + mice 
(Fig. 5). However, in contrast to downregulated expressions of 
IFN-y and its receptor and undetectable IFN-(3 expression in mar¬ 
moset lungs (13), elevated transcripts ofboth IFN-(3 and the IFN- 
stimulated gene MX-1 were detected in mouse lungs at 2 dpi. 
These expressions, along with those of other genes tested, returned 
to near the basal level of expression at 4 dpi. Among the 13 genes 
whose expressions were elevated in the infected lungs of Tg + mice 
(IL-ip, IL-6, IL-12p40, TNF-ct, G-CSF, MCP-1, IP-10, CXCL-1 
[KC], MIP-la, RANTES, IFN-p, IFN-y, and MX-1), genes en¬ 
coding IL-6, IL-8 (equivalent to mouse CXCL-1 or KC), IL-12, 
and IFN-y were also transiently induced in the lungs of experi¬ 
mentally challenged rhesus macaques (12). Since it has been dem¬ 
onstrated that without cocultivation with plasmacytoid dendritic 
cells, conventional dendritic cells, or macrophages, human airway 
epithelial cells exhibit a minimal capacity to induce inflammatory 
responses and fail to produce IFN-J3 in response to either SARS- 
CoV or MERS-CoV infection (32-36), such prompt pulmonary 
inflammatory responses seen in infected Tg + mice must be depen¬ 
dent on the interplay among alveolar macrophages, residential 
dendritic cells, airway epithelial cells, alveolar pneumocytes, and 
various cells that infiltrated the inflamed lungs. Many genes re¬ 
lated to acute inflammatory responses (with IFN-p- and IFN-y- 
encoded genes being the exception) were also significantly ele¬ 
vated concurrently with the intense viral replication in the brains 
of Tg + mice at 4 dpi (Fig. 3 and 5). However, in contrast to the 
associated cellular infiltration in the lungs, significant cellular in¬ 
filtrations were not observed in the infected brains. Although the 
exact mechanism for the absence of readily detectable cellular in¬ 
filtrates within the infected brains remains unknown, the acute 
onset of lethality within 5 to 6 dpi, along with the undetectable 
viral infection in the brains until 4 dpi, might prevent the inflam¬ 
matory cascades from occurring. Since mouse neurons, astro¬ 
cytes, and microglia were permissive to both MERS-CoV and 
SARS-CoV infection (Fig. 3G) (15) and capable of producing 
many cytokines and chemokines in response to mouse hepatitis 
virus infection (37), it is likely that they are the source of the 
elevated cytokine and chemokine responses in the brain of Tg + 
mice. Although the intensities of inflammatory secretions of in¬ 
fected Tg + mice were positively correlated with the magnitudes of 
viral infection within the lung and brain, we also noted that higher 
levels of IP-10 (CXCL10), MCP-1, TNF-ct, and RANTES were 
detected in the brain at 4 dpi than in the lung at 2 dpi, despite the 
significantly lower virus titers in the lung at 2 dpi, which may relate 
to the superb ability of brain cells to activate genes encoding in¬ 
flammatory mediators in response to acute MERS-CoV infection. 


However, the specific effect of such a dynamic antiviral and in¬ 
flammatory response on the pathogenesis of MERS-CoV infection 
in Tg + mice remains to be fully investigated. 

In summary, we provide data in this report of our effort and 
success in establishing transgenic mice expressing hCD26/DPP4 
as a small-animal model for MERS-CoV infection and disease. 
Not only can these Tg + mice support a robust MERS-CoV infec¬ 
tion, they also develop clinical manifestations and death within a 
week after infection. We believe that this newly established trans¬ 
genic mouse model will be useful as an additional model for study¬ 
ing the pathogenesis of and evaluating the efficacy of preventive 
and therapeutic agents for MERS-CoV infection and disease. 
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